Spurred by the increasing needs in electrochemical energy storage devices, the electrode/electrolyte interface has received a lot of interest in recent years. Molecular dynamics simulations play a proeminent role in this field since they provide a microscopic picture of the mechanisms involved. The current state-of-the-art consists in treating the electrode as a perfect conductor, precluding the possibility to analyze the effect of its metallicity on the interfacial properties. Here we show that the Thomas-Fermi model provides a very convenient framework for accounting for the screening of the electric field at the interface and differenciating good metals such as platinum from imperfect conductors such as graphite. The model is validated against analytical results for two simple systems, namely an empty capacitor and a single charge between two electrodes. We then show the impact of Thomas-Fermi screening on the electrochemical double-layer structure and capacitance for a series of electrolytes in contact with a graphite electrode. The proposed model opens the door for a quantitative prediction of the capacitive properties of new materials for energy storage.
Introduction
The development of constant applied potential methods for simulating electrochemical systems [1] has allowed to solve many outstanding problems in physical electrochemistry, ranging from the origin of supercapacitance in nanoporous carbon electrodes [2] to the understanding of the dynamic aspects of metal surface hydration [3] . These methods are based on the use of an extended Hamiltonian, in which the electrode charges are additional degrees of freedom that obey a constant potential constraint at each simulation step [3] . They allowed to partly alleviate the main conceptual difficulty for representing the electrode/electrolyte interface at the molecular scale, which is the need to account for the electronic structure on the electrode side, while the electrolyte is usually better simulated using classical force fields because it requires a sampling of the configurational space beyond the reach of today's capabilities with ab initio calculations.
Despite these successes, the possibility to simulate realistic systems remains limited by the crudeness of the "electronic structure" model, since the electrode is treated as a perfect metal. It is however well known that the electronic response of different electrodes (e.g. graphite vs. platinum) to the adsorption of a charge should strongly differ. This was shown in numerous analytical [4, 5] or density functional theory-based studies [6, 7] , but also more recently in an experimental study where strong differences in the confinementinduced freezing of ionic liquids was shown depending on the nature of the electrode [8] . In the latter study, this effect was interpreted using analytical developments accounting for the metallicity of the system, in the framework of the Thomas-Fermi (TF) model [9] .
In this work, we build upon these developments to implement a computational Thomas-Fermi electrode. The TF model [10, 11] is based on a local density approximation of the free electron gas, limited to its kinetic energy, and it accounts for the screening of the electrostatic potential over a characteristic screening length. We validate our approach on two simple cases for which analytical expressions are available, namely an empty capacitor and the approach of a single point charge close to an electrode. We then show that accounting for screening in the metal radically changes the response of the electrode to the adsorption of a series of electrolytes: water, aqueous NaCl and a room-temperature ionic liquid. Screening inside the metal should therefore be accounted for when simulating electrochemical interfaces, in applications ranging from supercapacitors to Li-ion batteries. We consider an electrode composed of N s sites (here we consider these sites to be the positions of the nuclei) with a number density d. Each atom i has Z valence electrons, and we introduce its partial charge q i as a dynamical variable accounting for the local excess of electrons. As shown schematically on Figure 1 , in the currently available methods the charges can either (a) be held constant, i.e. the vector {q i } i∈ [1, Ns] contains prescribed (usually identical) values for all the atoms of each electrode and does not vary with time, which does not correspond to a realistic electrode since it represents an insulating material or (b) fluctuate in time to represent perfect metals. In the latter case the partial charges are calculated at each simulation step in order to ensure that the potential is the same within the whole electrode [12] ; when such an electrode is put in contact with an electrolyte the screening occurs within a thin layer at the surface only. Nevertheless, many electrode materials have a finite density of states available at the Fermi level. This was sometimes considered in the literature by computing a so-called quantum capacitance that accounts for the corresponding screening [7, 13] .
Here we propose to take these effects into account directly within classical molecular dynamics simulations, by employing the Thomas-Fermi model. It consists in a local density approximation of the energy of the valence electrons. The Thomas-Fermi functional for the kinetic energy reads:
where n(r) is the local number density of electrons, m e their mass andh Planck's constant. In order to obtain a practical description in molecular simulations, we now express n(r) as a sum over discrete atomic sites i, with local densities n i = d Z + qi (−e) , with e the elementary charge. If the perturbation in the number of electrons is small compared to the number of free charge carriers, i.e. |q i | Ze, we can expand the kinetic energy in powers of q i as:
where E F =h 2 k 2 F /2m e is the Fermi level of a freeelectron gas of density Zd and l T F = 0h 2 π 2 /(m e e 2 k F ) is the Thomas-Fermi length of the material, with the corresponding Fermi wavevector defined by k 3 F /3π 2 = Zd and 0 the vacuum permittivity. The zeroth-order term is the total kinetic energy of an electron gas with N s Z electron (the total number of electrons in the system). The first order corresponds by definition to the chemical potential of the added/removed electrons (depending on the sign of q i ). The second order term, which is always positive and reaches its minimum when all the partial charges vanish corresponds to an energy penalty to induce non-homogeneous charge distributions.
Our system consists of two electrodes, hereafter named after their position in the simulation cell: left (L) and right (R). Their atom indices respectively range between [1, N L ] and [N L + 1, N L + N R ], their Thomas-Fermi energies are noted U L T F and U R T F , and they are held at potentials Ψ L and Ψ R = Ψ L + ∆Ψ where ∆Ψ is the applied voltage, the main quantity that we control in the simulations. The two electrodes are made of the same material, hence they have the same Fermi level at rest, leading to the following total potential energy for the system:
where the term U C corresponds to the Coulombic interactions (detailed below), U vdW describes the van der Waals interactions (given by a force field), while the last two terms account for the reversible work necessary to charge the electrode atoms. U C reads
where the charge distribution ρ(r) consists in a collection of M point charges for the electrolyte and of N = N L +N R atom-centered Gaussians (with width η −1 ) representing the electrodes:
with δ the Dirac function. Note that in equation 7 only the self-energy between Gaussian charges is included. By expanding the first order term of equation 6 and introducing ∆Ψ, the total energy can be rewritten as:
In a physical system, the two electrodes are connected through an external circuit, and any charge variation of one electrode must be balanced in the counter electrode, which leads to the electroneutrality constraint N i=1 q i = 0, so that the term Ψ L + E F e acts as the corresponding Lagrange multiplier. As in the constant potential method neglecting the quantum nature of the electrons (corresponding to l T F = 0Å), the charges are treated as dynamic variables which are obtained at each time step of the simulation by finding the set of values which minimize U tot .
Our approach, which involves fluctuating charges, may be related to the charge equilibration model [14] , in particular to its extension to electrochemical systems proposed by Onofrio et al. [15] . This method is based on two main chemical quantities, the electronegativity χ and the hardness H of each atomic species. The self-consistent equations to solve are equivalent if we take χ ∼ E F and H ∼ e 2 l 2 T F d/ 0 . However, these concepts, which are related to those of electronic affinity and ionization energy, are rooted in the description of the electronic properties of atoms and molecules, rather than that of bulk materials, which are more naturally described in terms of band structure. Another physical model of electrodes was proposed [16] , in which the Hamiltonian is constructed in the tight-binding approximation. It is parameterized using the whole density of states of the material, eventually leading to a more complex determination of the electrode charges. In our case, it would also be possible to take the density of states into account by allowing the density of charge carriers Zd (hence the Thomas-Fermi length l T F ) to change with the potential of the electrode.
Empty capacitor
As a first validation of our implementation, we study a model system composed of two planar graphite electrodes separated by a distance L and held at a constant potential difference ∆Ψ = 1 V. Each electrode consists of n atomic planes with an inter-spacing a in the z direction. We compare the simulated results against analytical predictions of the corresponding continuum model where the Poisson equation for the one dimensional potential ψ(z) reads ψ (z) = l −2 T F ψ(z) inside each electrode and ψ (z) = 0 between them. We note Q tot = N i=N L +1 q i the total charge of the right electrode (which is arbitrarily chosen as the positive electrode); the total capacitance of the system is then given by C = Q tot /∆Ψ.
Assuming that the width of the material is large compared to the Thomas-Fermi length, the in-plane charge Q k at z = ka (k ∈ [1, n]) can be expressed as: Figure 2a shows a very good agreement between equation (10) and the simulation for large l T F values. Small deviations for large z are due to the finite number of planes.
The above exponentially decaying charge distribution inside the metal, due to the screening over the Thomas-Fermi length l T F , results according to the continuous model in a capacitance per unit area:
with C 0 = 0 /L vac the capacitance per unit area for perfect metallic electrodes (l T F = 0Å) separated by a vacuum slab of width L vac and C T F = 0 /l T F that for a single Thomas-Fermi electrode. This result can be simply understood in terms of the equivalent circuit (hence the subscript C EC ) illustrated in Figure 2b , with three capacitors in series. As shown in Figure 2c , the simulation results are consistent with the prediction of a linear relation between 1/C and L/ 0 , where L is the distance between the first atomic planes on each electrode, with a constant shift which increases with l T F . However, the width of the vacuum slab between the electrodes is not exactly the distance between the first atomic planes. Indeed, each atomic site is surrounded by electrons, and the boundary between the free electron gas inside the electrode and the vacuum [17] (the so-called "Jellium edge" [18] ) is rather shifted half of the inter-plane distance away from the electrode. Since this feature is present on both electrodes, the actual vacuum slab width is more consistent with L vac = L − a. Figure 2d shows that using this prescription, Eq. (11) provides a very good description of the simulated capacitance C over a wide range of distances between the electrodes and Thomas-Fermi lengths, which confirms the consistency of the present classical model to represent the electrons in the metal. The slight deviations from the predictions of the continuous theory can be analyzed by introducing an effective length l ef f from the measured capacitance as:
The results obtained for various l T F at fixed L, illustrated in Figure 2e indicate that this effective length deviates from the Thomas-Fermi length only when the latter becomes comparable to the atomic details of the electrodes (interplane and interatomic distances, width of the Gaussian distributions), as expected.
Single charge between two electrodes
We now turn to a second model system consisting of a unit point charge between two graphite electrodes held at constant potential difference ∆Ψ = 0 V, and compute the energy of the system as a function of the charge position z. An expression of the interaction energy between an isolated charge and a semi-infinite Thomas-Fermi metal, The agreement between the simulations and the analytical calculation (see Figure 3a) is good both at long and short ranges and we recover the energy dependence as a function of the Thomas-Fermi length. However, it should be pointed out that such a good comparison can only be achieved using a box with large lateral dimensions (around 200Å) compared to the electrodes separation L = 50Å. This is because, for large distances z, the effect of the periodic images of the point charge along the lateral directions x and y on the induced charge distribution within the electrodes cannot be neglected, so that the analytical prediction for an isolated ion is not appropriate. In addition, our analytical expression assumes a superposition of the contributions due to each electrode treated independently, neglecting in particular the fact that the total charge induced on each electrode is not a full elementary charge but depends on the position of the point charge. Finally, for short distances, there is a threshold below which the continuum approximation breaks down and the molecular structure of the electrode plays a role.
Figures 3b and c illustrate qualitatively the difference of the charge distribution induced by the single charge at 5.0Å from the surface for l T F = 0Å and l T F = 7.9Å.
The screening of the charge within the material both in the vertical and lateral dimensions is tuned by the value of l T F . Therefore the present model should also correctly capture the effect of screening within the electrode on the interaction between neighbouring ions at the surface [9] .
Impact on the interfacial capacitance and structure of electrochemical capacitors
In order to study the impact of screening inside the metal on the physical properties of electrode/electrolyte interfaces, we study three different nano-capacitors (see Figure 5a ), consisting of graphite electrodes in contact with pure water, an aqueous solution of NaCl (with concentration 1 mol L −1 ) and a room-temperature ionic liquid, the 1-butyl-3-methylimidazolium hexafluorophosphate (BMI-PF 6 ). We use l T F = 3.42Å for graphite, as estimated using the electron density of graphite derived from Ref 19 (see the Supplementary Information for details), and compare to the perfect metal case (l T F = 0Å). Simulations were performed for a voltage ∆Ψ = 2 V between the two electrodes in order to calculate the integral capacitance and characterize the structure of the adsorbed liquid.
As can be seen on Figure 5b , the impact of l T F on the capacitance is significant: in all cases, the capacitance is strongly reduced, by a factor of approximately 2. This ef-fect can be understood by noting that the Thomas-Fermi length varies as the inverse square-root of the number of states available at the Fermi level. In a perfect metal, the number of accessible states is infinite, so that the only resistance to charging lies in the Coulombic energy term. In contrast, for the Thomas-Fermi model there is an additional energy penalty for increasing the surface charge, described here by the quadratic term in Eq. (9) . Such a decrease of the capacitance is consistent with the effect of adding a quantum capacitance to the case of a perfect metal. The variation in the surface charge density also impacts the structure of the electrolyte. This is true not only for the relative ionic concentrations in the case of the charged system, but also in the arrangement of the molecules. As an example, Figure 5c shows the distribution of water orientation with respect to the surface of the electrodes. Significant changes are observed between the perfect metal and the Thomas-Fermi case, which shows again that the screening effects should be taken into account appropriately for simulating carbon-based electrochemical devices.
Discussion
Understanding the electrode/electrolyte interface is a prerequisite not only for the design of more efficient electrochemical energy storage devices [20] , but also for understanding wetting phenomena involved in lubrication or heterogeneous catalysis [21] . Although in the past decades molecular simulations have provided many insights on the structure of the electrochemical doublelayer, they still fail at predicting quantitatively many experimental quantities, such as the variation of the differential capacitance with the applied voltage [22] . This is particularly true in the case of carbon materials, due to their complex electronic structure properties that deviate largely from the one of typical metals. Many intriguing experimental observations, such as the capillary freezing of ionic liquids confined between metallic surfaces [8] or the emergence of longer-than-expected electrostatic screening lengths in concentrated electrolytes [23, 24] , remain to be explained quantitatively. The Thomas-Fermi model, by allowing to tune the metallicity of the electrode using a single parameter (and without introducing additional computational costs) should lead to a more accurate understanding of the interfacial properties of such electrodes using molecular simulation.
Methods
The present method was implemented in the molecular dynamics code MetalWalls. All simulations were run at constant potential ∆Ψ = 0, 1 or 2 V using a conjugate gradient method to enforce the constraint on the charges. Electrode atoms have a Gaussian charge distribution of width η −1 = 0.56Å centered on zero and if not stated otherwise the Thomas-Fermi length l T F is taken as 0.0Å for the perfect metal and 3.42Å for graphite. Two-dimensional boundary conditions were used with no periodicity in the z direction using an accurate 2D Ewald summation method to compute electrostatic interactions. A cutoff of 17.0Å was used for both the short range part of the Coulomb interactions and the intermolecular interactions. For the latter we used the truncated shifted Lennard-Jones potential.
For graphite electrodes in the absence of electrolyte (empty capacitor), the box lengths in the x and y directions were L x = 34.101Å and L y = 36.915Å with 480 carbon atoms per graphene plane. The separation between planes was a = 3.354Å and C-C distances equal to 1.42Å. For the single charge inserted between the electrodes, the box lengths in the x and y directions were L x = 191.80Å and L y = 196.88Å with 14400 carbon atoms per graphene plane. Finally, for the electrochemical capacitors, the simulation boxes were composed of an electrolyte between two graphite electrodes of five graphene sheets each, ie. 2400 carbon atoms per electrode. Three different electrolytes were simulated: SPC/E water, aqueous sodium chloride (1 mol L −1 ) and BMI-PF 6 . Force field parameters and system compositions are given in Supporting Information. The simulation boxes were equilibrated at constant atmospheric pressure for 500 ps by applying a constant pressure force to the electrodes with l T F = 0Å then the electrodes separation was fixed to the equilibrium value L = 55.11Å, 56.2Å, and 74.11Å, respectively for water, aqueous sodium chloride and BMI-PF 6 . The aqueous systems were run at 298 K with a timestep of 1 fs whereas the ionic liquid at 400 K with a timestep of 2 fs. Each system was run for at least 2 ns.
Supplementary information

Thomas-Fermi length of graphite under ambient conditions
The Thomas-Fermi length l T F is defined as l T F = 0h 2 π 2 /(m e e 2 k F ) where k F is the Fermi wavevector.
The Fermi wavector may be expressed as a function of the electron density n by k 3 F /3π 2 = n. Therefore, we obtain the expression of l T F as a function of n:
where a 0 is the Bohr radius. At the microscopic scale, graphite is composed by a stack of weakly interacting graphene sheets. If we neglect this interaction, we can assume that each graphene sheet contributes to the total electron density as if it were isolated. From Ref 19 we can approximate the electron density of a graphene sheet to be 5 × 10 10 cm −2 at room temperature. The interlayer distance in graphite being 3.354Å, this leads to an electron density for graphite n = 1.49 × 10 18 cm −3 , from which we obtain a Thomas-Fermi length l T F = 3.42Å.
Analytical approximation of the energy of a single charge between two electrodes The energy of a particle of charge q interacting with an infinite continuous Thomas-Fermi metal with a plane surface has been derived in Ref 9 , which also provides the following analytical ansatz: 
where k T F = 1/l T F and z is the distance from the surface. Note that for large k T F , we recover the result obtained from the image charge method [12] . To adapt this expression to our setup, we assumed the lateral dimensions of the box to be large enough to neglect the effect of the periodic images and the two electrodes to be decorrelated in order to simply sum both contributions. In the main text, we consider the position of the charge with respect to the atomic position of the electrodes, leading to the following simple expression for the energy of the capacitor composed by a single charged particle and the two electrodes:
where L is the distance between the electrodes. Nevertheless, it is also possible to consider these position with respect to the Jellium edge [18] , leading to the alternative expression:
where a the interlayer spacing in the electrodes.The corresponding results are shown on Figure 5 . We observe slightly larger deviations than in the former case, but the agreement remains overall qualitatively very good.
Electrochemical capacitors
Each electrochemical capacitor is composed of an electrolyte between two graphitic electrodes of five graphene sheets each, ie. 2400 carbon atoms per electrode. The composition of the simulation boxes and force field references are given in Table I 
